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Abstract
The Notch signaling system features a growing number of modulators that include extracellular
proteins that bind to the Notch ectodomain. Collagens are a complex, heterogeneous family of
secreted proteins that serve both structural and signaling functions, most prominently through
binding to integrins and DDR. The shared widespread tissue distribution of Notch and collagen
prompted us to investigate the effects of collagen on Notch signaling. In a cell co-culture signaling
assay, we found that type IV collagen inhibited Notch signaling in H460 and A7R5 cell lines.
Moreover, Notch-stimulated expression of mature smooth muscle genes SMA, MHC, SM22, and
calponin, which define the physiologic phenotype of normal vascular smooth muscle, was
inhibited by type IV collagen in A7R5 cells. Cloned promoters of three of these genes were also
inhibited by exposure to collagen. Collagen-dependent repression of Notch signaling required an
RBP-jK site within the SM22 promoter. Moreover, repression by collagen required extracellular
stimulation of the Notch signaling pathway. Type IV collagen bound to both Notch3 and Jagged1
proteins in purified protein binding assays. In addition, type I collagen also inhibited Notch
signaling and bound to Notch and Jagged. We conclude that type IV and type I collagen repress
canonical Notch signaling to alter expression of Notch target genes.
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1. Introduction
Notch signaling is an evolutionarily conserved pathway that plays an essential role in early
development and frequently participates in adaptive responses to disease. Loss of Notch
results in early embryonic lethality that is accompanied by failure to develop functional
vasculature (Domenga et al., 2004, Gale et al., 2004, High et al., 2007, Iso et al., 2003,
Krebs et al., 2000, Limbourg et al., 2005, McCright et al., 2001, Uyttendaele et al., 2001,
Xue Y, 1999). Postnatal inhibition of Notch signaling results in dysfunctional angiogenesis,
and, therefore, Notch inhibition has been proposed as a treatment strategy for cancer (Li et
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al., 2007, Noguera-Troise et al., 2006, Ridgway et al., 2006). Graded regulation of the level
of Notch signaling also plays a significant role in development. Incremental losses of
Notch1 and Notch2 alleles in melanocytes result in progressive whitening of the hair
proportional to the number of null alleles (Schouwey et al., 2007). These observations
indicate that quantitative regulation of Notch signaling may play a role in modulating
phenotype.

All Notch receptors contain a large array of EGF-like repeats. Canonical Notch signaling
requires interactions between a small subset of these EGF-like segments of Notch with the
EGF-like repeats of ligands, Jagged and Delta (Cordle et al., 2008, Joutel et al., 2004,
Shimizu et al., 1999). The significance of the large number of additional Notch EGF-like
repeats, which have been conserved between all species, remains undetermined, but these
protein domains may participate in modulatory interactions with extracellular proteins that
fine tune Notch signaling. Indeed, numerous extracellular Notch enhancers and Notch
inhibitors have now been described (D’Souza et al., 2010, Wang, 2011). Many of the
heretofore described modulators contain EGF-like repeats, implicating EGF-like to EGF-
like interactions as a potential protein heterodimerization interface.

Collagens are among the most common extracellular proteins of the human body and are
expressed during development and in all postnatal tissues. Like Notch, collagens are
composed of numerous subtypes which are dynamically regulated and also participate in
disease pathogenesis (Myllyharju and Kivirikko, 2004). In further analogy to Notch, the
collagens are large, complex molecules composed of repetitive biochemical units that are
extensively posttranslationally modified; these proteins perform not only structural functions
but also stimulate cell signaling events through integrins (Barczyk et al., 2010) and DDR
proteins (Shrivastava et al., 1997, Vogel et al., 1997). Here, we perform the first
investigation of the effects of collagen on Notch signaling.

2. Results
A coculture system was used to measure the effects of collagen on canonical transcellular
Notch signaling (Meng et al., 2009, Meng et al., 2010, Meng et al., 2012). Notch-expressing
cell lines were transfected with a HES-luciferase reporter; transfected cells were then
cocultured with Notch ligand-expressing fibroblast cell lines to stimulate signaling, which
was quantified by measuring luciferase activity. Parallel cocultures were performed in the
presence of increasing amounts of collagen added to the culture media (Figure 1).
Concentrations of 500 ng/ml or higher of type IV collagen completely blocked Jagged and
Delta-mediated activation of HES-luciferase. The inhibitory function of type IV collagen
was reproduced in Notch-expressing human H460 and the rat A7R5 cell lines.

To determine the effects of collagen on vascular marker gene expression, we tested the
effects of the protein on Notch dependent expression of mature smooth muscle genes. Notch
signaling has been shown to increase mRNA levels of mature smooth muscle genes
encoding SM22, smooth muscle actin, MHC, and calponin (Noseda et al., 2006, Tang et al.,
2010, Tang et al., 2008, Doi et al., 2006). Moreover, the cloned proximal promoters of
SM22 (Doi et al., 2006), SMA (Tang et al., 2010, Tang et al., 2008), and MHC (Meng et al.,
2012) have been shown to respond to Notch ligands. To test the effects of collagen on Notch
in smooth muscle-derived A7R5 cells, we again used coculture assays. A7R5 cells were
transfected with cloned smooth muscle promoter sequences fused to a luciferase reporter
gene. Transfected cells were then stimulated with control or Notch ligand-expressing cells in
the presence in increasing concentrations of type IV collagen, and luciferase expression was
used to quantify promoter activity. As seen in Figure 2, type IV collagen efficiently
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repressed Notch activation of the cognate promoters for SMA and MHC genes at
concentrations of 500 ng/mL and above.

Figure 3 shows experiments to test the effects of collagen on endogenous Notch-regulated
genes. Jagged-stimulated expression of four endogenous target smooth muscle genes
(SM22, MHC, SMA, and calponin) was inhibited by DAPT, a gamma-secretase inhibitor,
suggesting that these genes are coordinately regulated through canonical Notch signaling.
Application of type IV collagen to A7R5 cells also inhibited Notch ligand-stimulated
expression of the same four endogenous smooth muscle target genes. In sum, these findings
demonstrate that type IV collagen blocks coordinated Notch activation of mature smooth
muscle targets by repressing their cognate promoters.

To further define the mechanism of collagen regulation of Notch signaling, we compared the
effect of type IV collagen on wildtype and mutant SM22 promoters; the latter contains a
mutant RBJ-Jkappa site, which mediates canonical Notch responses (Meng et al., 2012).
Mutations in this site ablates Notch-regulated inhibition of the promoter, rendering the
construct constitutively active, even in the presence of Notch ligands. Unlike the wildtype
sequence, the mutant SM22 promoter was not inhibited by collagen in co-culture
experiments, suggesting that collagen inhibits canonical RBP-jK mediated Notch signaling
(Figure 4A).

Collagen could interfere with Notch signaling by affecting either extracellular Notch or by
triggering events that repress intracellular Notch function. To distinguish between these
possibilities, we tested the effect of collagen on Notch signaling stimulated by expression of
the Notch intracellular domain (NICD), which activates the canonical Notch pathway by
bypassing extracellular signaling events (Figures 4B–F). NICD stimulated the expression of
target genes Hes1, SM22, MHC, SMA, and calponin; as anticipated, presentation of Jagged
cells did not further induce gene expression, demonstrating that NICD-activated expression
was independent of extracellular ligand presentation. Presentation of extracellular type IV
collagen failed to reduce activation of any of the five target genes in NICD transfected cells
(Figures 4B–4F). Because collagen failed to affect intracellular (NICD-stimulate) Notch
activation, we conclude that collagen inhibits Notch via an extracellular mechanism.

Since extracellular Notch modulators alter signaling through molecular interactions with
Notch ectodomains or ligands (D’Souza et al., 2010, Wang, 2011), we tested whether
collagen could bind to Notch extracellular signaling components. Indeed, in solid state
binding assays (Figure 5A), type IV collagen interacted with NOTCH3 ectodomain. In
addition, type IV collagen bound to the Notch ligand Jagged (Figure 5B), likely the most
important ligand in vascular smooth muscle cells.

Finally, we tested whether other types of collagen could modulate Notch signaling. In
addition to type IV collagen, in normal vascular smooth muscle and in the NOTCH3-related
vascular disease CADASIL, type I collagen is highly expressed (Dong et al., 2012).
Extracellular presentation of soluble type I collagen, the major fiber forming collagen,
inhibited the activation of Notch signaling in NOTCH3-positive H460 cells (Figure 6A).
Like type IV collagen, type I collagen formed molecular complexes with both NOTCH3
ectodomain and Jagged (Figures 6B–6D).

3. Discussion
Collagen is ubiquitous and plays a role in both normal physiology and in pathology
(Myllyharju and Kivirikko, 2004). Aside from its important structural role, collagen also
modulates signaling systems including integrins (Barczyk et al., 2010) and DDR
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(Shrivastava et al., 1997, Vogel et al., 1997). Our studies suggest a novel function of
extracellular collagen: inhibition of Notch.

We exemplify the effects of collagen on Notch signaling by studying functional collagen/
Notch interactions on mature smooth muscle gene expression. Significant evidence suggests
that a key element of vascular pathology involves transition of smooth muscle cells into a
pathological, proliferative cell, which features repressed levels of markers such as SM22,
MHC, calponin, and SMA (Deaton et al., 2009, Duband et al., 1993, Gabbiani et al., 1984,
Hungerford et al., 1996, Miano et al., 1994). At the anatomic level, vessel pathology also
frequently features fibrosis with the deposition of large amounts of collagens of multiple
types (Dong et al., 2012, Roggendorf et al., 1988). As such, our studies suggest a molecular
mechanism that could link collagen deposition in arteries to the promotion or propagation of
smooth muscle dedifferentiation.

What is the molecular mechanism of collagen actions on Notch? Our results show that type
IV collagens inhibit canonical Notch signaling that involves RBP-jK signaling. Since
collagens are only able to inhibit Notch signaling that is stimulated by extracellular ligands,
it is likely that collagens directly interfere with extracellular Notch signaling. This is
supported by protein binding studies, in which collagen binds to both Notch and Notch
ligands. Interestingly, however, collagen did not interfere with Notch-Jagged interactions,
suggesting a non-competitive mechanism of inhibition.

Type I and IV collagen, applied in concentrations that affect Notch signaling, did not grossly
affect cell morphology or cytoskeletal architecture (Supplemental Figure 1). Moreover, over
the time courses relevant to our Notch assays, we observed no collagen-related differences
in cellular migration (Supplemental Figure 2). Thus, we there is no evidence that collagens
affects Notch indirectly by changing cell morphology or by altering cell motility.

These findings shed new light on regulators of Notch. This is the first study that
demonstrates a role for collagen molecules in Notch signaling. Since collagens are
ubiquitous proteins that are dynamically expressed and modified, our studies could
substantially expand the complexity of Notch regulation in vivo. Moreover, since numerous
additional proteins contain collagen-like domains, future studies should be performed to test
whether proteins containing these domains can modulate Notch signaling as well; one such
protein, von Willebrand factor, has been shown to block Notch and to also deposit in large
quantities in cerebral small vessel disease.

Both type I and type IV collagen (fibrillary and network forming collagens, respectively)
inhibit Notch. The two proteins differ substantially in quaternary structure and diverge in
their non-collagenous domains. These distinctions suggest that the conserved repetitive
collagen domain may mediate interactions with Notch. If this is true, then other collagen
molecules, of which 28 have been identified so far, may also modulate Notch signaling.
Examination of the Notch modulating activities of other types of collagen may help
elucidate the structural basis of their actions on Notch signaling. Moreover, the effects of
degradation of collagen by a wide variety of collagenases (eg. numerous matrix
metalloproteinases) remain to be explored.

In conclusion, we demonstrate that two abundant forms of collagen inhibit canonical Notch
signaling. Since collagen is widely expressed and modulated in the adult, additional studies
that probe the role of collagen on Notch mediated developmental and pathological processes
are warranted.
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4. Materials and Methods
Cell culture and luciferase reporter assays

L fibroblasts (control and Notch ligand producing cell lines; (Hicks et al., 2000)), and A7R5
were propagated in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen). H460 cells were grown in RPMI 1640 with 10% fetal
bovine serum (Invitrogen). Notch receptor expressing cells (H460 or A7R5) were
transfected with HES-luciferase and Renilla luciferase reporter for Notch assays which was
performed as previously described (Meng et al., 2009, Meng et al., 2010). Other reporters
for smooth muscle promoters (SMA, MHC and SM22 proximal regulatory regions fused to
firefly luciferase) have been described before (Meng et al., 2012). Purified collagens
(Sigma) were dissolved in 500 mM acetic acid and then dialyzed extensively against PBS
(pH 7.4); the proteins were added directly to the culture medium.

Solid phase binding assays
Recombinant proteins human Notch-3-Fc (first 11 EGF repeats) and rat Jagged 1-Fc were
purchased from R&D Systems. As a negative control, we used Fc protein alone. Purified
human collagens were prepared as above and adsorbed to plates in neutral PBS at 5 ug/ml.
Solid phase assays were performed as described (Meng et al., 2009, Meng et al., 2010). In
short, we labeled purified proteins with Alexa 700 succinimide and then removed free label
by gel filtration chromatography. Protein-coated plates were blocked with 0.5 % BSA in
Tris-buffered saline (50 mM Tris, 150 mM NaCl) with 2 mM CaCl2 for 1 h at room
temperature. Subsequently, the labeled proteins were incubated with protein-coated ELISA
plates in Tris-buffered saline with 2 mM CaCl2 overnight at 4 °C. Afterwards, plates were
rapidly washed with TBS with 2 mM calcium three times at room temperature. The total
probe adhering to wells were quantified using a LiCor flatbed infrared scanner. We
subtracted the signal from Fc binding to plates, which was negligible. None of the probes
bound to BSA coated plates.

Quantitative reverse transcriptase PCR assay
For mRNA expression assays, we co-cultured A7R5 cells (three wells per group) with L
cells expressing Jagged ligands or L cells without ligand as a control (Hicks et al., 2000).
After overnight co-culture, the media was changed to serum-free DMEM supplemented with
BSA or collagen for another 24 hours. We then prepared total RNA from each well. The
RNA was reverse transcribed and quantified by real time PCR using rat 18S RNA as a
control to assess target gene regulation by Notch activation; the primer sequences and
protocol have been described before (Meng et al., 2012). In some experiments, A7R5 cells
were first transfected with Notch3 NICD cDNA 24 hours prior to co-culture.

Statistical analysis
Results are displayed with standard deviations. All luciferase and quantitative PCR studies
were done with groups of at least three. T-tests were applied with statistically significant
differences considered for p<0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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List of Abbreviations and Acronyms

EGF epidermal growth factor

DDR discoidin domain receptor

HES hairy enhancer of split

SMA smooth muscle actin

MHC myosin heavy chain

DAPT N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester

RNA ribonucleic acid
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Figure 1.
Collagen inhibition of Notch pathway activation. Quantitation of Notch signaling was
determined by measuring activity of a HES1-Luciferase reporter transfected into Notch
receptor expressing cells. Signaling was activated by coculture with mouse fibroblasts (L
cells) stably transfected with empty vector control, Jagged1, or Delta-like1. Notch receptor
expressing cells H460 (A) or A7R5 (B) were co-transfected with HES1-Luciferase and a
plasmid consititutively expressing Renilla luciferase. Cells were co-cultured with ligand
expressing cells for 24 hours, and culture media was then supplemented with type IV
collagen (concentrations as indicated) before lysates were analyzed for the ratio of firefly/
Renilla luciferase. All groups included three replicates. Experiments were performed at least
three times and produced the same results. * denotes significant differences between control
and Notch ligand-stimulated cultures (p<0.05).
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Figure 2.
Collagen blocks Notch regulation of smooth muscle promoters. Experiments were
performed as in Fig 1 to determine the effects of type IV collagen on SMA and MHC
promoters. A7R5 cells were cotransfected with either SMA-Luciferase (A) or MHC-
Luciferase (B) plasmids and Renilla luciferase (as a transfection control). Cocultures were
treated with increasing concentrations of type IV collagen. Smooth muscle promoter
activation was determined using the ratio of firefly/Renilla luciferase activity. Collagen
effectively inhibited expression of both promoter constructs. All groups included three
replicates. * denotes significant differences between control and Notch ligand-stimulated
cultures (p<0.05).
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Figure 3.
Collagen blocks Jagged-dependent expression of mature smooth muscle genes. (AD) A7R5
cells were cocultured with L or Jagged cells. Some cultures were treated with DMSO
(vehicle) or 10uM DAPT, which inhibits Notch signaling. For other groups, after one day,
BSA or type IV collagen (500 ng/mL) was added to co-cultures. The next day mRNA was
harvested, and quantitative RT-PCR was conducted using rat-specific primers to measure
production of smooth muscle genes from A7R5 cells; values were normalized to rat 18S
RNA levels. All groups included three replicates. All experiments were performed at least
three times with the same results. * denotes significant differences between control and
Jagged-stimulated cultures; # denotes significant differences between BSA and collagen
treated cultures (p<0.05).
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Figure 4.
Collagen inhibits canonical Notch signaling. (A) Effects of collagen on the SM22 promoter
require its RBP-jK site, the target of canonical Notch signaling. A7R5 cells were transfected
with a proximal SM22 promoter luciferase reporter construct prior to co-culturing with
control or Notch ligand expressing cells. Cocultures were treated with increasing
concentrations of type IV collagen. Smooth muscle promoter activation was determined
using the ratio of firefly/Renilla luciferase activity. Collagen effectively inhibited expression
of the wild type SM22 construct, but the mutant SM22-luciferase exhibited constitutive
activation that was not affected by extracellular collagen. (B–F) A7R5 cells were transfected
NICD from NOTCH3 to constitutively activate the Notch pathway in the absence of
extracellular stimulation. Transfected cells were treated with type IV collagen, which did not
repress NICD-stimulated reporter expression. Target gene regulation was assessed by
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quantitative RT-PCR of genes indicated in the Y-axis. RNA content was normalized to 18S
control rRNA levels in each group. All groups included three replicates. * denotes
significant differences between control and Jagged-stimulated cultures (p<0.05).
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Figure 5.
Interactions between type IV collagen, Notch, and Jagged. Type IV collagen was adsorbed
to plastic wells, and wells were then blocked with BSA. Labeled, purified NOTCH3 (A) or
Jagged (B) was added to wells at indicated concentrations to allow protein binding. After
washing, bound proteins were quantified. NOTCH3 and Jagged did not bind to BSA coated
wells. Labeled Fc was used as a control probe; results represent NOTCH3 or Jagged bound
probe after subtraction of the Fc signal.
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Figure 6.
Type I collagen effects on Notch signaling and binding to Notch protein. (A) H460 cells
were transfected and co-cultured for Notch signaling assays as in Figure 1. Co-cultures were
treated with indicated concentrations of type I collagen. Type I collagen inhibited Notch
signaling in a dose-dependent fashion (p<0.05 for control versus Notch ligand stimulation).
Binding assays of type I collagen to NOTCH3 (B) and Jagged (C) were performed as in
Figure 5. (D) Labeled type I collagen bound to immobilized NOTCH3 in a similar assay,
using Fc binding to the target as a negative control.
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